INTRODUCTION
============

Consumption of fish is increasing due to a better understanding of the nutritional benefits of fish such as reduced risk of chronic inflammatory disorders, including allergic diseases.[@B1][@B2][@B3][@B4] On the other hand, fish allergy patients are increasing worldwide, not only in major fish-eating countries such as Japan and Korea, but in many Western countries.[@B5] Parvalbumin, a major fish allergen, shows a wide range of cross-reactivity among various fish species.[@B6][@B7][@B8] Collagen is also a pan-allergen in fish in countries where raw fish consumption is common.[@B9][@B10] Thus, patients with allergy to one kind of fish often react to other kinds of fish.[@B11] As a result, physicians often instruct fish allergy patients to eliminate all kinds of fish. However, this can result in nutritional and social disadvantages because fish have considerable nutritional value in preventing various diseases[@B12][@B13] and a variety of species are recently utilized in many nations\' cuisine. Oral food challenge (OFC), the gold standard for food allergy diagnosis, can alleviate the problem by correctly distinguishing between symptom-eliciting and "safe" fish, permitting the patient to be selective. However, the performance of OFC in clinics is hindered by the fact that it is quite time-consuming and might induce severe symptoms such as anaphylaxis.

Specific IgE (sIgE) and skin prick tests are used to predict OFC results.[@B14] However, sIgE was reported to show high rates of false-negative and false-positive results for fish allergy,[@B15] and the number of fish species that can be tested is limited. The allergen extracts available for skin prick tests are also limited. Meanwhile, prick-to-prick tests using fish meat itself may cause false-positive results because of histamine generated in the fish meat, and the histamine may cause anaphylaxis.[@B16]

The basophil activation test (BAT) has been shown to be a useful *in vitro* diagnostic method for the evaluation of food allergy, especially for allergens for which there is no commercially available sIgE test.[@B17][@B18][@B19][@B20][@B21] The BAT requires only a small amount of allergen extract, which can be easily prepared in a standard laboratory. However, there have been few reports on the performance of the BAT for fish allergy. The purpose of this study was to assess the usefulness of BAT for the diagnosis of fish allergy.

MATERIALS AND METHODS
=====================

Study design and study population
---------------------------------

Retrospective analysis of clinical records was performed. We enrolled patients suspected of manifesting fish allergy and on whom the BAT was performed at Mie National Hospital between October 2010 and March 2018. In each patient, the BAT was performed for several fish species, including not only the suspect fish but also other edible fish as neutral controls. Patients were diagnosed as being allergic to a fish species based on a positive OFC test or a history of an immediate allergic reaction after eating that fish. Patients were diagnosed as being non-allergic on the basis of a negative OFC test or regular eating of that fish without any symptoms. The OFC was considered positive if an objective clinical reaction was noted, such as urticaria, angioedema, rhinoconjunctivitis, cough, wheezing, vomiting, diarrhea and/or a decrease in blood pressure. The OFC was also considered positive if the patient reported intense abdominal pain even if no objective signs were present. The OFC was considered negative if no symptoms were observed 2 hours after ingesting a regular serving amount of fish meat at challenge. Full emergency equipment and medications were readily at hand during the course of all procedures. Antihistamine use was suspended 72 hours before the OFC. Blood sampling for the BAT was performed within 6 months after the diagnosis of fish allergy.

Extraction of fish allergens
----------------------------

Fish extracts were prepared as previously reported.[@B22] In brief, fresh fish meat from salmon (*Oncorhynchus keta*), mackerel (*Scomber japonicus*), tuna (*Thunnus obesus*), red sea bream (*Pagrus major*), yellowtail (*Seriola quinqueradiata*), flounder (*Paralichthys olivaceus*), bonito (*Katsuwonus pelamis*), pacific ocean perch (*Sebastes alutus*), pacific saury (*Cololabis saira*), horse mackerel (*Trachurus japonicus*), spanish mackerel (*Scomberomorus niphonius*), barracuda (*Sphyraena pinguis*), anchovy (*Engraulis japonicus*), atka mackerel (*Pleurogrammus azonus*) or smelt (*Spirinchus lanceolatus*) was mixed with an equal volume of phosphate-buffered saline (PBS), followed by heating in a microwave oven for 1 to 2 minutes after coming to a boil. Each mixture was minced and pureed in a food processor. Particles were eliminated twice by filter centrifugation for 5 minutes at 20,000 *g*, and the supernatant was collected for use as an extract and dialyzed against PBS overnight. The extracts were freeze-dried and stored at −80°C until use. The frozen extracts were reconstituted in PBS, and then the protein concentration in each was measured with a spectrophotometer (NanoDrop ND-1000^®^, Wilmington, DE, USA) and diluted to 100 μg/mL with PBS at the time of use.

BAT and sIgE test
-----------------

A commercial kit (Allergenicity Kit; Beckman Coulter, Fullerton, CA, USA) was used to quantify basophil CD203c expression.[@B20] Briefly, EDTA-containing whole blood was incubated with each fish extract at concentrations of 1 and 10 µg/mL for 15 minutes at 37ºC after addition of a sufficient amount of calcium solution to neutralize the chelating capacity of EDTA. Anti-human IgE antibody at 4 µg/mL and PBS served as positive and negative controls, respectively. PC7-conjugated anti-CD3, fluorescein isothiocyanate--conjugated anti--chemoattractant receptor-homologous molecules expressed on TH2 lymphocytes (CRTH2), and phycoerythrin-conjugated anti-CD203c antibodies were added during the reaction. The samples were then analyzed on a flow cytometer (Gallios^®^, Beckman Coulter). Basophils were detected on the basis of the forward- and side-scatter characteristics, and negative CD3 and positive CRTH2 results. Up-regulation of CD203c on basophils was determined using a threshold that was defined by the fluorescence of unstimulated cells (negative control) and expressed as the CD203c^high^ percentage (CD203c^high^%). The ratio of CD203c^high^% induced by a fish allergen to that induced by anti-human IgE antibody was calculated[@B21]^,^[@B23]^,^[@B24] and expressed as the BAT score. Patients were defined as low responders and excluded from the analysis if CD203c^high^% in response to anti-human IgE antibody was \<10%.

Allergen-sIgE was measured with ImmunoCAP^®^ (ThermoFisher Diagnostics, Uppsala, Sweden). In Japan, there are commercially available sIgE tests for tuna, salmon, mackerel and horse mackerel. We also measured IgE specific for cod parvalbumin (Gad c1) and carp parvalbumin (Cyp c1).

Statistical analysis
--------------------

The χ^2^ test was used to compare the proportions of categorical variables, and the Mann-Whitney *U* test was used to compare 2 groups. Receiver-operating-characteristic (ROC) curve analysis was employed to evaluate the predictive performances of the BAT score and sIgE. Optimal cutoff values were determined as the best balance between sensitivity and specificity, which correspond to the highest Youden index. The area under the ROC curve (AUC), sensitivity, specificity, positive predictive value, negative predictive value and accuracy were calculated. GraphPad Prizm 7.0^®^ (GraphPad Software, Inc., San Diego, CA, USA) was used for all statistical analyses.

Ethics
------

This study was approved by the Ethics Committee of Mie National Hospital (\#24-01). Since it was a retrospective study and no private information was collected, the opportunity to opt out was made known to the public.

RESULTS
=======

Characteristics of the patients
-------------------------------

Sixty-seven patients were enrolled, 16 of whom were excluded from the analyses: 10 due to ambiguity of symptoms after ingesting fish and 6 who were low responders. The remaining 51 patients were considered to have fish allergy and analyzed. [Table 1](#T1){ref-type="table"} shows the demographics of the subjects analyzed. There were no significant differences between the analyzed and excluded subjects in sex, age, comorbid allergy (including other food allergy) or total serum IgE level (data not shown). The BAT was performed a total of 184 times on the 51 analyzed subjects using extracts of 15 species of fish, and 90 (48.9%) of those tests were positive. The prevalence of allergy to individual fish species ranged from 0% to 80%. A total of 83 sIgE tests were performed for 4 fish species ([Table 2](#T2){ref-type="table"}).

###### Demographics of the patients

![](aair-12-641-i001)

  Patient background   Analyzed patients (n = 51)
  -------------------- ----------------------------
  Male                 33 (65)
  Age (yr)             6 (3--11)
  Other food allergy   22 (43)
  Atopic dermatitis    20 (39)
  Bronchial asthma     8 (16)
  Allergic rhinitis    42 (82)
  Total IgE (IU/mL)    487 (118--1,156)

Data are presented as number (%) or median (interquartile range).

###### List of the fish species tested with the BAT

![](aair-12-641-i002)

  Generic name          Scientific name             Patients tested^\*^   Fish allergy^†^
  --------------------- --------------------------- --------------------- -----------------
  Salmon                *Oncorhynchus keta*         31 (29)               16 (52)
  Mackerel              *Scomber japonicus*         29 (28)               12 (41)
  Tuna                  *Thunnus obesus*            24 (21)               5 (21)
  Red sea bream         *Pagrus major*              22                    11 (50)
  Yellowtail            *Seriola quinqueradiata*    19                    13 (68)
  Flounder              *Paralichthys olivaceus*    15                    6 (40)
  Bonito                *Katsuwonus pelamis*        13                    7 (54)
  Pacific ocean perch   *Sebastes alutus*           9                     7 (78)
  Pacific saury         *Cololabis saira*           5                     3 (60)
  Horse mackerel        *Trachurus japonicus*       5 (5)                 4 (80)
  Spanish mackerel      *Scomberomorus niphonius*   4                     3 (75)
  Barracuda             *Sphyraena pinguis*         3                     2 (67)
  Anchovy               *Engraulis japonicus*       2                     0 (0)
  Atka mackerel         *Pleurogrammus azonus*      2                     1 (50)
  Smelt                 *Spirinchus lanceolatus*    1                     0 (0)

Data are presented as ^\*^number (number of tested with ImmunoCAP) and ^†^number (%) of patients diagnosed with allergy to indicated fish.

Diagnostic performance of the BAT
---------------------------------

Since the fish extracts at 10 μg/mL, but not at 1 μg/mL, induced statistically significant CD203c expression in fish-allergy patients (data not shown), we employed the extracts at 10 μg/mL for the BAT in this study.

First, to achieve sufficient statistical power, the results for 5 species of fish---namely, salmon, mackerel, tuna, red sea bream and yellowtail---for which 125 subjects underwent the BAT were analyzed for the predictive performance of the BAT score. For each of the 5 fish species, the BAT score for patients with allergy was significantly higher than for the non-allergic patients ([Table 3](#T3){ref-type="table"}; [Fig. 1A, B and C](#F1){ref-type="fig"}). ROC analysis revealed that the AUC ranged from 0.72 to 0.88. At the optimal cutoff value, the specificity ranged from 0.82 to 1.0. Although the sensitivity was not high for some fish, the accuracy of the test was sufficiently high, ranging from 0.74 to 0.91 ([Table 3](#T3){ref-type="table"}; [Fig. 1G, H and I](#F1){ref-type="fig"}).

###### Diagnostic performance of BAT scores in the diagnosis of allergies to 5 most common fish species

![](aair-12-641-i003)

  Fish            BAT score (mean ± SD)   AUC   Cut-off       Sensitivity   Specificity   PPV    NPV    Accuracy                        
  --------------- ----------------------- ----- ------------- ------------- ------------- ------ ------ ---------- ------ ------ ------ ------
  Salmon          0.75 ± 0.39             16    0.32 ± 0.27   15            0.004         0.80   0.54   0.69       0.87   0.85   0.72   0.77
  Mackerel        0.50 ± 0.40             12    0.24 ± 0.23   17            0.048         0.72   0.30   0.67       0.82   0.73   0.78   0.76
  Tuna            0.70 ± 0.76             5     0.21 ± 0.27   19            0.019         0.84   0.30   0.60       0.90   0.60   0.90   0.83
  Red sea bream   0.86 ± 0.41             11    0.18 ± 0.09   11            0.002         0.88   0.38   0.82       1.0    1.0    0.85   0.91
  Yellowtail      0.59 ± 0.51             13    0.18 ± 0.08   6             0.017         0.85   0.30   0.69       0.83   0.90   0.56   0.74

BAT, basophil activation test; SD, standard deviation; AUC, area under the receiver-operating-characteristic curve; PPV, positive predictive value; NPV, negative predictive value.

![Allergen-specific BAT scores in patients allergic/non-allergic to (A) salmon, (B) mackerel and (C) tuna. Specific IgE levels in patients allergic-/non-allergic to (D) salmon, (E) mackerel and (F) tuna. ROC curves of BAT (solid line) and sIgE (dotted line) for (G) salmon, (H) mackerel and (I) tuna are shown. The areas under the ROC curve were 0.80, 0.72 and 0.84 for the BAT score and 0.73, 0.75 and 0.51 for sIgE.\
BAT, basophil activation test; sIgE, specific IgE; ROC, receiver-operating-characteristic.\
^\*^*P* \< 0.05; ^†^*P* \< 0.005.](aair-12-641-g001){#F1}

Next, to evaluate the BAT score for each of the fish species, including those for which only a small number of patients was tested, the predictive performance was calculated by employing a common cutoff value of 0.3, which was deduced from the initial analysis for the 5 fish species ([Table 4](#T4){ref-type="table"}). Although there were some variations, the diagnostic accuracy was at least 0.6 for fish that were tested in 5 or more patients. For fish species tested in fewer than 5 subjects, the accuracy ranged widely from 0.33 to 1.0.

###### Predictive performance of BAT scores using a cutoff value of 0.3

![](aair-12-641-i004)

  Fish species           Sensitivity           Specificity   PPV    NPV     Accuracy   
  ---------------------- --------------------- ------------- ------ ------- ---------- ------
  No. of subjects ≥ 5                                                                  
                         Salmon                0.75          0.53   0.63    0.67       0.65
                         Mackerel              0.67          0.82   0.73    0.78       0.76
                         Tuna                  0.60          0.89   0.60    0.89       0.83
                         Red sea bream         0.82          0.91   0.90    0.83       0.86
                         Yellowtail            0.69          0.83   0.90    0.56       0.74
                         Flounder              0.67          0.56   0.50    0.71       0.60
                         Bonito                1.00          0.50   0.70    1.00       0.77
                         Pacific ocean perch   0.71          0.50   0.83    0.33       0.67
                         Pacific saury         1.00          1.00   1.00    1.00       1.00
                         Horse mackerel        0.75          0.00   0.75    0.00       0.60
  No. of subjects \< 5                                                                 
                         Spanish mackerel      0.67          0.00   0.67    0.000      0.50
                         Barracuda             0.00          1.00   NA      0.33       0.33
                         Anchovy               NA            1.00   NA      1.00       1.00
                         Atka mackerel         0.00          1.00   NA      0.50       0.50
                         Smelt                 NA            0.00   0.000   NA         0.00

BAT, basophil activation test; PPV, positive predictive value; NPV, negative predictive value; NA, not applicable.

Comparison with sIgE
--------------------

We next compared the sIgE results with the BAT scores. Since commercially available sIgE products for fish allergens are limited, we examined the sIgE values only for salmon, mackerel and tuna, for which sufficient numbers of patients were tested. The sIgE levels were significantly higher in patients allergic to mackerel than in the non-allergic subjects ([Fig. 1D and E](#F1){ref-type="fig"}), whereas the difference was not significant for salmon and tuna allergy ([Fig. 1F](#F1){ref-type="fig"}). The AUCs were 0.70, 0.75 and 0.51 for salmon, mackerel and tuna, respectively ([Fig. 1G, H and I](#F1){ref-type="fig"}). In contrast, the differences in the BAT scores between the allergic and non-allergic subjects for the 3 fish species were all statistically significant, and the AUCs were 0.80, 0.72 and 0.84, respectively ([Fig. 1A, B, C, G, H and I](#F1){ref-type="fig"}). These results suggest that for certain fish the diagnostic performance of the BAT score is at least comparable to, or even better than, the diagnostic performance of the sIgE level.

Since parvalbumin is reported to be a fish pan-allergen, the overall diagnostic performance of sIgE for Gad c1 and Cyp c1 was compared with the BAT score ([Supplementary Fig. S1](#S2){ref-type="supplementary-material"}). Both the BAT score and the sIgE levels for Gad c1 and Cyp c1 were significantly higher in patients with allergy to a specific fish species than in those with no allergy. The AUCs were 0.79, 0.70 and 0.70 for the BAT score, anti-Gad c1- and anti-Cyp c1-sIgE, respectively; the AUC was thus highest for BAT, although the difference was not statistically significant. For the diagnosis of individual fish allergy, the predictive performance of anti-parvalbumin-sIgE for salmon, mackerel and tuna allergies was not as high as the predictive performance of the BAT score ([Supplementary Fig. S1](#S2){ref-type="supplementary-material"}).

Possible influence of anisakis sensitization
--------------------------------------------

Anisakis allergy is sometimes misdiagnosed as fish allergy because the induced symptoms are indistinguishable and a definitive diagnosis of anisakis allergy is difficult because no standardized anisakis allergen for OFC is commercially available. We thus investigated the influence of anisakis sensitization in our study population and found that there was no difference in the BAT score, sIgE levels for Gad c1 and Cyp c1, or the prevalence of fish allergy diagnosis between anisakis-sensitized and non-sensitized subjects ([Supplementary Table S1](#S1){ref-type="supplementary-material"}). The only difference was that the median age was significantly higher in the anisakis-sensitized subjects than in the non-sensitized subjects.

DISCUSSION
==========

In this study, we found that BAT quantification of CD203c expression by using in-house fish extracts showed a good predictive performance in the diagnosis of fish allergy. Although the available sIgE tests showed similar performance, the BAT has an advantage because a theoretically unlimited number of fish species can be tested by using fish extracts that can be easily prepared in a standard laboratory.

The BAT utilizes flow cytometry to measure expression of activation markers, such as CD203c[@B25] and CD63,[@B26] on the surface of basophils following cross-linking of high-affinity IgE receptor-bound IgE antibodies by allergen molecules or anti-IgE antibody molecules. The BAT can be performed using whole blood, which allows not only allergen-sIgE but also other plasma factors like blocking IgG4 to modulate the reaction and may better reflect *in vivo* allergies.[@B27] The BAT has been reported to be a good biomarker for clinical allergies to various foods such as peanuts,[@B24] milk,[@B23] eggs[@B28][@B29][@B30] and wheat.[@B17][@B20] It can also be applied to identify rare allergens such as lotus root[@B18] and erythritol.[@B19] However, there have been few reports on the performance of the BAT for fish allergy. In this study, we for the first time demonstrated the utility of the BAT for identifying clinical allergies to 15 fish species. For 5 common fish species, namely, salmon, mackerel, tuna, red sea bream and yellowtail, the BAT showed high specificity (0.8 to 0.91) or moderately high sensitivity. Using a cutoff value of 0.3, which was deduced from the results for the 5 common fish species, the diagnostic performance for other fish species was also good.

Detection of IgE reactivity in fish allergy would not be expected to show high specificity because of putative cross-reactivity among fish allergens. Clinically, many patients who start to react to 1 fish species often experience clinical reactions to a multitude of other fish species. Several IgE-based analyses reported extensive cross-reactivity among a variety of fish species.[@B6][@B11][@B15] However, a recent double-blind, placebo-controlled food challenge study of different fish species showed that more than 50% of 35 fish allergy patients had no objective symptoms and that approximately 30% had subjective tolerance to at least 1 of the 3 investigated fish species.[@B31] Although that study involved only a small number of subjects, individual diagnosis of fish allergy appears to be important. In this context, our finding of high specificity of the BAT is significant.

What accounts for the high specificity of the BAT? Fish allergens belong to 4 protein families, namely, parvalbumins,[@B32] enolases, aldolases[@B33] and collagen.[@B10][@B34] Cross-reactivity has been shown for these proteins from commonly consumed fish species such as salmon and tuna.[@B11][@B33][@B35] Recently, however, species-specific epitopes have been identified on parvalbumins,[@B31] and differences in the parvalbumin content have been postulated to influence clinical symptoms.[@B36] In this study, we found that the levels of sIgE for parvalbumins from cod and carp were significantly higher in fish allergy patients than in non-allergic patients, with an AUC of 0.7. Although the BAT showed a higher AUC of 0.79, the difference was not statistically significant ([Fig. 2](#F2){ref-type="fig"}). In addition, the diagnostic performance of sIgE for parvalbumins was not satisfactory for the diagnosis of individual fish allergies. The fish extracts utilized in the BAT possibly contain various species-specific epitopes, while the parvalbumin concentrations in the extracts reflect the actual content in fish meat. It is believed that these factors contributed to the high specificity of BAT.

![Allergen-specific BAT score (A), and sIgE levels for Gad c1 (B) and Cyp c1 (C) in patients who were allergic or non-allergic to any fish species. ROC curves of allergen-specific BAT score (D) and sIgE levels for Gad c1 (E) and Cyp c1 (F) are shown. The AUCs were 0.79 (D), 0.70 (E) and 0.70 (F).\
BAT, basophil activation test; sIgE, specific IgE; ROC, receiver-operating-characteristic.\
^\*^*P* \< 0.0001.](aair-12-641-g002){#F2}

This study has several limitations. First, anisakis allergy[@B37] may have confounded the results. *Anisakis simplex* is a parasitic nematode that infests crustaceans, fish and marine mammals. L3 larvae of anisakis reside in the intestine and liver of fish, and they migrate to muscle upon the host\'s death.[@B38][@B39] Humans become incidental hosts through eating infested raw/undercooked fish or can become sensitized even through eating cooked fish if sensitizing antigens remain.[@B40] In this study, we prepared the fish extracts from very fresh fish, with the meat separated immediately upon sacrifice to prevent migration of *A. simplex* larvae to muscle tissue. Thus, anisakis antigen contamination of the extracts seems unlikely. We also confirmed that there was no difference in the BAT scores or other sensitization parameters between anisakis-sensitized and -unsensitized patients, suggesting that the influence of anisakis allergy was minimal. Secondly, not all patients underwent OFC to definitively diagnose their suspected fish allergy. However, a detailed history of allergy symptoms after eating a suspect fish was carefully taken in terms of the nature and reproducibility of the symptoms. Thirdly, lipopolysaccharide (LPS) may have contaminated the fish extracts and influenced basophil reactivity. We did not measure LPS in the extracts. However, it was reported that LPS did not cause basophil activation by itself and only enhanced allergen-induced basophil responses at a high concentration,[@B41][@B42] namely, 1,000 EU/mL. Such a high concentration is unlikely in our reaction system. Although the LPS content in edible fish meat has not been reported, its level in a probiotic product containing viable gram-negative bacteria (*Escherichia coli*), for example, was reported to be 900-1700 EU/mL.[@B43] If the above mentioned probiotic products were used as allergens in our system, the final concentration of LPS would be only 90--170 EU/mL, which is far less than the basophil-stimulating concentration.[@B41] We used fresh and edible fish that may contain commensal bacteria, but it is unlikely that there was overgrowth of pathogenic bacteria or even commensal bacteria in fish meat present more than the "concentrated" probiotic product. Fourthly, there is lack of dose-response tests in this study. All the tests were performed at 2 concentrations, not at 5 different concentrations. Since there are individual variations in basophil responses, other parameters, such as the EC~50~ (the concentration at which 50% of the maximal basophil response occurs) when performing all the measurements at multiple concentrations, may be better. However, since such methods require more time and cost, single measurement at a given concentration is utilized in many studies. Fifthly, for several fish species the sample size was too small, so a larger-scale study is needed to confirm our findings. Finally, this study is of retrospective design. The key factors and characteristics defining the patients\' fish allergy were retrieved from clinical records prepared by others, whose accuracy cannot be confirmed. Prospective studies need to be performed in order to establish the utility of BAT for diagnosis of fish allergy.

In conclusion, the BAT based on CD203c expression may be a reliable method for predicting fish allergy, especially for fish species for which an sIgE test is not available.
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SUPPLEMENTARY MATERIALS
=======================

###### Supplementary Table S1

Characteristics of patients who were sensitized or not sensitized to anisakis

###### Supplementary Fig. S1

The sIgE levels for Gad c1 in patients who were allergic-/non-allergic to (A) salmon, (B) mackerel and (C) tuna. ROC curves of sIgE levels for Gad C1 for (C) salmon, (D) mackerel and (E) tuna are shown. The AUCs were 0.74 (D), 0.73 (E) and 0.53 (F). Specific IgE levels for Cyp c1 in patients who were allergic/non-allergic to (G) salmon (H), mackerel and (I) tuna. ROC curves of sIgE levels for Gad C1 for (J) salmon, (K) mackerel and (L) tuna are shown. The AUCs were 0.73 (D), 0.71 (E) and 0.53 (F).
